I-SNVs and 125
I-CNVs was evaluated in mice. The uptake and transcytosis of SNVs and CNVs across bovine brain microvascular endothelial cells (BBMECs) was evaluated using flow cytometry and confocal microscopy. Results. Plasma clearance of 125 I-SNVs was nine times higher than that of the 125 I-CNVs. However, the uptake of 125 I-SNVs in various brain regions was about 8 to 11 times higher than that of 125 
INTRODUCTION
Accumulation of amyloid β-protein (Aβ) in the cerebral vasculature is a common pathological feature of Alzheimer's disease (AD) and cerebral amyloid angiopathy (CAA) (1) (2) (3) . The Aβ proteins are derived from the amyloid precursor protein (APP), an integral membrane protein, through sequential proteolytic processing mediated by β-and γ-secretases (1, 4) . In the cerebral vasculature, Aβ proteins are deposited in the media and adventitia of small-and mid-sized arteries of the cortex and the leptomenings, which results in thickening of the basal membrane, stenosis of the vessel lumen, and fragmentation of the internal elastic lamina. These pathological changes in the cerebral vasculature may lead to brain hemorrhage, stroke, or dementia (5, 6) . Recent studies have suggested that cerebral microvascular amyloid may be responsible for a significant proportion of cerebral hemorrhages occurring in non-hypertensive individuals (3, 7) .
Currently, there is no biological marker or treatment for vascular dementia (VD) caused by CAA, and definitive diagnoses are only made upon autopsy (8) . While novel diagnostic and therapeutic agents are being developed to diagnose or treat CAA, targeting them to the amyloid deposits in the vascular smooth muscle is very challenging. The foremost barrier encountered by these agents to reach vascular amyloid is the cerebrovascular endothelium, which constitutes the blood-brain barrier (BBB) with well formed paracellular tight junctions.
Because of their ability to deliver high drug payloads, polymeric nanoparticles can be promising candidates in the diagnosis and treatment of VD, if they are adeptly engineered to cross the BBB (9) (10) (11) . However, selective targeting of these nanoparticles to cerebrovascular amyloid deposits remains a challenge which is addressed in this study through the development of smart nano-vehicles (SNVs). The SNV consists of a diagnostic agent coated on the surface and/or a drug entrapped in its biocompatible polymeric core, which is designed with appropriate surface characteristics and size. A biosensor, which can detect amyloid deposits, can be coated on the surface of the polymeric core. The biosensor facilitates SNV targeting specifically to the pathological tissue ridden with amyloid deposits.
We have chosen chitosan to prepare the polymeric core, because it is biocompatible and does not cause allergic reactions. Moreover, chitosan is bioadhesive and known to improve drug absorption at cellular barriers mostly due to its high positive charge density (12) . Another advantage of chitosan nanoparticles (CPCs) is that they can be prepared under exceptionally mild conditions (13) , which helps ensure the integrity of delicate compounds such as peptides, proteins, DNA, and SiRNA.
The polymeric core was coated with a F(ab') 2 fragment of Aβ antibody (IgG4.1) modified with putrescine, referred to as pF(ab') 2 4.1. Poduslo and associates (14) have reported that upon intravenous administration (IV) in AD transgenic mice, pF(ab') 2 4.1 can cross the BBB, locate and bind to the cerebrovascular amyloid deposits as well as the amyloid plaques in brain parenchyma. Based on this information, we hypothesize that SNVs coated with pF(ab') 2 4.1 can cross the BBB endothelial cells to target diagnostic and/or therapeutic agents to the amyloid vascular deposits located in the cerebral vasculature.
MATERIALS AND METHODS

Materials
Medium molecular weight chitosan (degree of deacetylation 84.5%), pentasodium tripolyphosphate (TPP) and fluorescein-isothiocyanate bovine serum albumin (FITC-BSA) were purchased from Sigma-Aldrich (St. Louis, USA). Bovine plasma fibronectin and Rat tail collagen (type 1) were purchased from Sigma-Aldrich (St. Louis, USA). The Alexa Fluor 647 (AF647) labeling kit was obtained from Invitrogen (Carlsbad, CA).
Animals
The wild type (B6/SJL) female mice at 16 weeks of age were obtained from Jackson Laboratory (Bar Harbour, ME). The animals were housed in a virus-free, light and temperature controlled barrier environment. They were provided with free access to food and water. All procedures with animals were in strict accordance with National Institutes of Health Guide for the Care and Use of Laboratory animals and were approved by the Mayo Institutional Animal Care and Use Committee.
Bovine Brain Microvascular Endothelial Cell Culture
The bovine brain microvascular endothelial (BBME) cells were obtained frozen from the Cell Applications Inc. (San Diego, CA) after the 2nd passage and were cultured in a mixture of 45% DMEM and 45% F-12 Ham nutrient mix (Gibco, Life Technology, Grand Island, IL) supplemented with 10 mM HEPES, 13 mM sodium bicarbonate, 10% donor horse serum, 100 μg/ml heparin, 100 μg/ml streptomycin, 100 μg/ml penicillin G and 2.5 μg/ml amphotericin B (SigmaAldrich, St. Louis, USA). The cells were plated in 75 cm 2 culture flask coated with gelatin and grown at 37°C under 95% humidity and 5% CO 2 . The experiments were conducted when the cells reached about 80% confluence.
In vitro BBB Model
The filter membrane (0.4 μm) of each 12 mm Transwell® insert (Costar, Cambridge, MA) was coated with type 1 rat tail collagen and bovine fibronectin. BBMECs were then seeded on the filter membrane at a density of 70,000 to 80,000 cells/cm 2 . The growth medium was added to both donor (0.5 ml) and receiver compartments (1.5 ml) and incubated at 37°C under 5% CO 2 until the monolayers were formed. A well formed monolayer was selected based on the low permeability of Lucifer yellow, a paracellular diffusion marker, and high transendothelial electrical resistance (TEER) values. The BBMEC monolayers with average TEER values below 130 Ω cm 2 were rejected.
Preparation of Chitosan Polymeric Core
Chitosan polymeric core was prepared by ionotropic gelation of chitosan with TPP according to the procedure reported by Calvo and his associates (13) . The formulation components were optimized to yield the smallest size nanoparticles. For this purpose, 1% acetic acid aqueous solutions containing various chitosan concentrations: 0.1%, 0.15%, 0.2%, 0.25% and 0.3% (w/v) were prepared. The pH of each chitosan solution was adjusted to 5.5 using 1N NaOH. A 0.01% solution of TPP was also prepared in purified water. Blank nanoparticles were formed spontaneously upon addition of 3 ml of TPP solution to 6 ml of chitosan solution under constant stirring (500 rpm) at room temperature.
Characterization of CPCs
Transmission Electron Microscopy. The morphological examination of the CPCs was performed using high resolution transmission electron microscopy (TEM). The samples were stained with 1% (w/v) phosphotungstic acid after adjusting the pH of chitosan nanoparticle suspension to 7.0. The stained sample was then placed on copper grids, allowed to dry and viewed by Tecnai F-20 transmission electron microscope (Philips Co. Japan).
Laser Confocal Microscopy. An aliquot of FITC-BSA loaded CPC suspension was placed on a coverslip bottom culture dish. After settling to the bottom of the dish, the particles were imaged with LSM 510 confocal microscope (Carl Zeiss, Inc; Oberkochen, Germany) using argon/krypton laser and 100X objective.
Preparation of pF(ab′) 2 
Fragments
The pF(ab′) 2 4.1 was synthesized from monoclonal IgG4.1 by a previously reported procedure (14) . In brief, ficin (pH 6.5) was used to remove the Fc region from IgG4.1. The F(ab′) portion was purified and evaluated using 7.5% SDS-PAGE, and its concentration was determined using BCA protein assay (Pierce Biotechnology). The F(ab′) 2 4.1 was modified with putrescine using carbodiimide reaction to yield putrescine-F(ab′) 2 4.1 (pF(ab′) 2 
4.1).
Labeling of BSA and pF(ab) 2 
4.1
The pF(ab') 2 4.1 (500 μg) and BSA (500 μg) were labeled with 125 I (PerkinElmer Life and Analytical Sciences, Boston, MA) using the chloramine-T procedure as reported previously (15) . Free 125 I was separated from the radiolabeled protein by dialysis against 0.01 M phosphatebuffered saline (PBS) at pH 7.4 (Sigma-Aldrich, St. Louis, MO). Purity of the radiolabeled proteins was determined by trichloroacetic acid (TCA) precipitation method. The radiolabeled protein was deemed acceptable, if the TCA precipitable counts were greater than 95% of the total counts. The final radioactivity associated with 125 I labeled pF(ab) 2 4.1 or BSA was determined to be 10 mCi/ml.
The AF647 was conjugated to pF(ab) 2 4.1 according to the protocol recommended by the manufacturer.
Preparation of CNVs and SNVs
The smart nano-vehicles (SNVs) or control nanovehicles (CNVs) were formed spontaneously upon addition of 3 ml of TPP aqueous solution (1 mg/ml) to 6 ml of 1.5 mg/ ml chitosan solution followed by the addition of 39 μl pF (ab') 2 4.1 (6.28 μg/μl, pH=7.0), to form SNVs, or 500 μl of BSA (0.5 mg/ml, pH=5.5), to form CNVs, under constant stirring at room temperature. The nanoparticles formed spontaneously, were concentrated by ultracentrifugation at 10,000 rpm for 15 min. The supernatants were discarded and the CNVs and SNVs were resuspended in purified water for further characterization.
Association Efficiency of Biosensor to the Nano-vehicles
The association of BSA or pF(ab') 2 4.1 on CNVs or SNVs, respectively, was determined using 125 I-labeled proteins. The nanovehicles were prepared as described above and were separated from the free protein by ultracentrifugation (30,000 rpm) at 10°C for 30 min. The activity of free 125 I-BSA or 125 I-pF(ab') 2 4.1 was measured in the supernatant using a two-channel gamma counter, following TCA precipitation. The 125 I-BSA or 125 I-pF(ab') 2 4.1 association efficiency (AE) with chitosan nanoparticles was calculated based on the following equation:
Preparation of FITC-BSA Loaded CNVs and SNVs
The FITC-BSA loaded CNVs (FITC-BSA-CNV) were formed spontaneously when 3 ml of 1 mg/ml TPP was added to 6 ml of 1.5 mg/ml chitosan solution containing 0.5 mg/ml of FITC-BSA (pH=5.5) under constant stirring. The FITC-BSA loaded SNVs (FITC-BSA-SNV) were formed by the same procedure with an exception that 39 μl of pF(ab') 2 4.1 (6.28 μg/μl) was added to the chitosan solution after the addition of TPP. The solution was centrifuged and the FITC-BSA-CNV or SNV pellet was suspended in distilled water.
Release of BSA and pF(ab') 2 
from the Nanovehicles
In vitro release of entrapped FITC-BSA from CPCs was determined by diluting 3 ml (3.7 mg) of FITC-BSA-CPC suspension to 20 ml with PBS to maintain sink conditions. The resultant solution was transferred to a glass container with a screw-top cap and incubated at 37°C under constant stirring (200 rpm). At appropriate time intervals (0.5, 1, 2, 4, 8, 16, 24 h), 1 ml of the sample was taken and filtered through 0.2 μm syringe filter (25 mm), which had been previously saturated with 1% solution of BSA and sucrose in PBS. The sample was replaced by 1 ml of fresh PBS pre-warmed to 37°C. The filtrate was measured for FITC-BSA using Tecan GENios fluorescence plate reader (Tecan, San Jose, CA). The stability of BSA coating on the surface of CNVs was assessed by a similar procedure, but using FITC-BSA, because of assay limitation with unlabeled BSA. The stability of I-SNVs, respectively was also tested using a similar procedure. The 125 I labeled protein released from the surface of nano-vehicles was assayed using a two-channel gamma counter.
Particle Size and Zeta Potential of Nano-vehicles
The effective diameter of various nano-vehicles was determined using photon correlation spectroscopy (Particle sizer; Brookhaven Instruments, NY, US), whereas the zeta potential was determined by laser Doppler anemometry using Zeta potential Analyzer (Brookhaven Instruments, NY, US).
Blood Brain Barrier Permeability of CNVs and SNVs
The nano-vehicles for in vivo studies were prepared by coating 125 I labeled BSA ( 125 I-CNVs) or pF(ab') 2 4.1 ( 125 ISNVs). The femoral vein and artery of each mouse were catheterized under general anesthesia (isoflurane=1.5% and oxygen=4 l/min). The 125 I-SNV (125 μCi) or 125 I-CNVs (125 μCi) were administered intravenously in the femoral vein. Blood was sampled (20 μl) from the femoral artery of each mouse at various time intervals (0.5, 1, 3, 5, 10, 15, 30 and 40 min). The blood samples were diluted to a volume of 100 μl with normal saline, the plasma was separated by centrifugation, and analyzed for 125 I activity using a twochannel gamma counter (Cobra II; Amersham Biosciences Inc., Piscataway, NJ). The accumulation of 125 I-SNV or 125 ICNVs in each brain regions was determined by perfusing the animals with normal saline at the end of the experiment. The brain of each animal was removed from the cranial cavity; dissected into various anatomical regions (cortex, caudate putamen, hippocampus, thalamus, brain stem, and cerebellum); and analyzed for 125 I radioactivity.
Uptake of FITC-BSA Loaded CNVs and SNVs by BBME Cells In vitro BBME cells were plated at a density of 3.4×10 5 
Transcytosis of Nano-vehicles Across the BBMEC Monolayers
The BBMEC monolayers grown on Transwell® filters were pre-incubated for 30 min at 37°C in HBSS buffered with 10 mM HEPES (HBSS-HEPES). Following the addition of 0.5 ml of nano-vehicle suspension (50 μg/ml) to the donor compartment and 1.5 ml fresh HBSS-HEPES to the receiver compartment, the Transwells® were incubated at 37°C upon continuous shaking at 100 rpm. After 1 h, both donor and receiver solutions were collected, and the BBMEC monolayers were washed with ice-cold acidic buffer solution (0.2 M glycine+0.15 M NaCl; pH 3) to remove any nano-vehicles adsorbed to the cell-surface. The monolayers were then fixed with 4% paraformaldehyde at 4°C for 20 min and imaged using a laser confocal microscope (Carl Zeiss MicroImaging, Inc., Thornwood, NY).
Pharmacokinetic Data Analysis
Concentrations of nanoparticles in the plasma at various time points following IV bolus administration were analyzed by noncompartmental pharmacokinetic analysis using linear trapezoidal method and uniform weighting (WinNonlin® Professional, version 5.2, Mountain view, CA). Pharmacokinetic parameters such as the plasma clearance (CL), the steady-state volume of distribution (V d ), and area under the plasma concentration curve (AUC) were also calculated using WinNonlin. The mean values of controls and treatments were compared by Student's t-test using GraphPad Prism. 
Statistical Evaluation of Data
All experiments were repeated at least three times. Results are expressed as mean ± standard deviation with the exception of particle size data for SNVs where some single data points are presented. Student's t-test was performed to compare the means (p<0.05).
RESULTS
The SNVs capable of delivering a model protein (FITC-BSA) across the BBB were developed by conducting the following series of experiments: (a) formulation of a biodegradable chitosan polymeric core (CPC) with and without the entrapped FITC-BSA (Fig. 1) ; (b) transformation of the CPC into: SNV, 125 I-SNV, or AF647-SNV by coating its surface with pF(ab') 2 4.1, 125 I-pF(ab') 2 4.1, or AF647-pF(ab') 2 4.1, respectively (Fig. 1A) ; (c) transformation of the CPC into FITC-BSA CNV or 125 I-CNV by coating the surface with FITC-BSA or 125 I-BSA, respectively (Fig. 1B) ; (d) determination of plasma pharmacokinetics and brain uptake of SNVs in comparison to CNVs; and d) determination of uptake and transcytosis of the FITC-BSA loaded SNVs and CNVs by BBME cells in vitro.
Formulation Optimization
Formulation of Chitosan Polymeric Core
A range of chitosan concentrations (1.0-3.0 mg/ml) were tested to arrive at the concentration that can generate the smallest polymeric core. The average effective diameter (AED) of the polymeric core decreased with decreasing chitosan concentration and yielded the smallest AED at 1.5 mg/ml (Table I) . Interestingly, further decrease in chitosan concentration to 1.0 mg/ml, produced significantly larger CPCs. No significant differences in the zeta potential values were observed among CPCs formulated using various chitosan concentrations except 1.0 mg/ml, which produced significantly lower zeta potential value (Table I) . Furthermore, zeta potential values were found to be dependent upon the pH of the suspension. The zeta potential values of CPCs at pH 5.0 were ∼35 mV, but decreased significantly (p<0.05) to ∼10 mV at neutral pH (Fig. 2) .
FITC-BSA loaded CPCs (FITC-BSA-CPCs) also followed a similar trend and exhibited the lowest AED (208±0.41 nm) at 1.5 mg/ml chitosan concentration. The entrapment efficiency of FITC-BSA in the CPCs was found to be 69% and its release from FITC-BSA-CPCs was linear and sustained (0.133± 0.004 μg/h) for the first 18 h, but increased significantly (1.1± 0.04 μg/h) between 18-24 h (Fig. 3A) . No significant initial burst release of FITC-BSA was observed.
Shape and Morphology of CPCs
The shape and morphology of CPCs were investigated by transmission electron microscopy (TEM) and laser confocal microscopy (LCM). The TEM images of various CPCs, prepared with 1.5 mg/ml chitosan solutions, are presented in Figs. 4A and B, whereas, Fig. 4C shows the confocal image of FITC-BSA entrapped CPCs prepared under similar conditions.
Formulation of SNVs and CNVs
Like CPCs, the smallest SNVs and CNVs were obtained at 1.5 mg/ml chitosan concentrations (Table I ). In addition, the Zeta potential values of SNVs and CNVs were similar at various chitosan concentrations tested, except at 1.0 mg/ml where SNVs showed significantly lower zeta potential values. Data shown as mean ± standard deviation (n=3). No significant differences in particle size and zeta potential were observed among blank CPCs, CNVs and SNVs at each chitosan concentration a n=1 The association efficiencies of pF(ab') 2 4.1 with SNVs and BSA with CNVs were 52% and 59%, respectively. The dissociation of BSA coated on CNVs, which was determined using FITC-BSA, was biphasic with a slower rate of 0.353±0.008 μg/h for 4 h and a faster rate of 1.24±0.027 μg/h between 4 and 18 h (Fig. 3A) . The dissociation of I-BSA remain associated with the nano-vehicles for at least 5 h, which is much longer than the time frame used for the in vitro or in vivo experiments conducted in this study.
Plasma Pharmacokinetics and Brain Uptake of SNVs and CNVs
Following IV administration in mice, the 125 I-CNVs demonstrated a mono-exponential decline in the plasma, where as the 125 I-SNVs or 125 I-pF(ab') 2 4.1 showed a biexponential decline (Fig. 5) . The initial plasma concentration (C 0 ) of 125 I-SNVs was higher than that of 125 I-pF(ab') 2 4.1 (Table II) (Table II) , which is reflected by the higher accumulation of 125 I-SNVs in highly perfused peripheral organs such as kidney, liver, spleen, and lung (Table III) . The plasma AUC of 125 I-CNVs was the largest, followed by that of 125 I-SNVs and 125 I-pF(ab') 2 4.1 (Table II) . The volume of distribution (V d ) of 125 I-pF(ab') 2 4.1 was greater than that of 125 I-SNVs or 125 I-CNVs (Table II) .
The 125 I-SNVs accumulated in various brain regions to a significantly greater extent than the 125 I-CNVs (Table IV) . The brain uptake of 125 I-CNVs normalized with plasma AUC ranged between 5.63±1.32 and 15.52±5.32 (ml/g/min×10 −6 ) in various brain regions, whereas, the values for 125 I-SNVs ranged from 60.92±19.47 to 123.41±41.16 (ml/g/min×10 −6 ) and the 125 I-pF(ab') 2 4.1 values ranged from 780.18±345.40 to 6137.54±2195.13 (ml/g/min×10 −6 ).
BBME Cell Uptake of SNVs and CNVs
Flow cytometry data comparing the uptake of FITC-BSA-CNVs and FITC-BSA-SNVs by the BBME cells is presented in Fig. 6 . The intracellular fluorescence (A.U.=842± 0.21) in trypsinized and unfixed BBMECs following the incubation with FITC-BSA-SNVs was significantly greater (Fig. 6C ) than the intracellular fluorescence (A.U=464±0.87) in BBME cells incubated with FITC-BSA-CNVs (Fig. 6B ).
Untreated BBMECs, on the other hand, did not exhibit significant background fluorescence (Fig. 6A) .
Transcytosis of Nano-vehicles Across the BBMEC Monolayer
Permeability studies were conducted to evaluate the luminal (L)-abluminal (A) transport of various nano-vehicles across the BBMEC monolayers grown on the Transwell® filter membranes. The presence of transcytosed nano-vehicles in the receiver compartment was determined by conducting a particle size analysis on the receiver solution. These studies have clearly shown that CPCs and CNVs were unable to cross the BBMEC monolayers, whereas SNVs and AF647-SNVs were able to pass through the monolayers in L-A direction ( Table V) . The Z-stack images of the BBMEC monolayer obtained after the transport study demonstrated the internalization of AF647-SNVs by the endothelial cells (Fig. 7, X-Y) . The X-Z and Y-Z projections of the Z-stack clearly demonstrated the accumulation of AF647-SNVs towards the basement membrane of the filter (Fig. 7 ).
DISCUSSION
The current study is aimed at developing SNVs capable of targeting amyloid deposits in the cerebral vasculature. To reach the basal lamina of the cerebral vasculature where the amyloid deposits are located, the SNVs must be taken up by the cerebrovascular endothelial cells and be transcytosed across the BBB. We hypothesize that the transcytosis of nanoparticles at the BBB is dependent upon their size, surface morphology and ability to interact with the BBB endothelial cell surface.
Although, cellular internalization is inversely proportional to the size of the nanoparticles, the loading of diagnostic or therapeutic agents could be significantly reduced if the particle size is too small. Several published reports have indicated that particle size is also important for the retention of nanoparticles in the vascular wall (16) (17) (18) . The nanoparticles around 500 nm tend to accumulate preferentially at the luminal surface, whereas 100-250 nm particles accumulate more in the adventitia of the cerebral vasculature (18, 19) .
Various investigators have tried to design the nanoparticles of desirable size using polymers such as polystyrene (18) and poly(butylcyanoacrylate) (PBCA) (10, (20) (21) (22) . However, the degradation products of these polymers such as: styrene from polystyrene (23); and acrylic acid from PBCA (24) are potentially toxic. In the current study, chitosan was used to generate 250 nm sized polymeric core. Unlike the polymers mentioned above, chitosan is degraded in the body into nontoxic amino sugars (12) .
Transforming the nanoparticle surface for uptake at the BBB was previously achieved by grafting a surfactant such as polysorbate 80 (21) or by conjugating antibody to a receptor expressed on the luminal surface of the BBB (25) . In this study, the surface of the chitosan polymeric core (CPC) was transformed by coating with a biosensor, polyamine-modified anti-amyloid antibody fragment (pF(ab') 2 4.1, molecular wt. ≈ 80 kDa). Poduslo and coworkers demonstrated that pF (ab') 2 4.1 maintained excellent permeability at the BBB compared to the whole antibody (IgG4.1), the polyamine modified antibody (pIgG4.1), or the unmodified antibody fragment (F(ab') 2 4.1), without compromising its antigen binding affinity as demonstrated by either ELISA or immunohistochemistry (14) . Following IV administration in AD transgenic mice, the pF(ab') 2 4.1 was also shown to extensively label brain parenchymal amyloid plaques as well as cerebrovascular amyloid (14) . Therefore, the CPCs coated with pF(ab') 2 4.1 on the surface are expected to permeate the BBB and locate cerebrovascular amyloid deposits; hence, they were referred to as smart nano-vehicles (SNVs). The efficacy of SNVs to cross the BBB was evaluated against CNVs, which were prepared by coating the CPCs with a nonspecific protein of similar molecular weight as pF(ab') 2 4.1 (BSA, molecular wt. ≈ 66 kDa) (Fig. 1) , but does not cross the BBB.
The adsorption and retention of pF(ab') 2 4.1 or BSA on the surface of the CPC is very critical during the in vitro and in vivo tests conducted to evaluate differential interactions of SNVs and CNVs with endothelial cells and their ability to permeate the BBB. The extent of pF(ab') 2 4.1 or BSA coating on the CPCs was significantly enhanced by taking advantage of the electrostatic interactions of the proteins with the CPC surface (26) . For instance, BSA was added CPCs at pH 5.5 to ensure stronger interaction of positively charged amine groups present on the CPC surface with negatively charged BSA. The pF(ab') 2 4.1 was added to CPCs at pH 6.5 when the positive charge density on the CPC surface, which can repel the cationic pF(ab') 2 Data shown are mean ± standard deviation (n=5); no significant difference in particle size was observed among CPCs, CNVs and SNVs. No signal = no detectable levels of nano-vehicles in the receiving chamber across the BBB is primarily a result of 125 I-pF(ab') 2 4.1 coated on their surface.
The ability of SNVs to carry a model protein across the BBB was tested in vitro in BBME cells and also in the BBB model, which is a polarized monolayer of BBME cells grown on Transwell® inserts. FITC-BSA was used as the model protein in these experiments because: (a) it is conventionally used as a model protein to ascertain the capability of chitosan nanoparticles in transporting diagnostic or therapeutic agents across the BBB endothelial cells (27) (28) (29) ; and (b) to aid in the detection of SNVs and CNVs in the endothelial cells by flow cytometry or by laser confocal microscopy. The FITC-BSA loaded in these vehicles exhibited a constant release for about 18 h. This sustained release of FITC-BSA may be attributed to the stronger electrostatic interaction between the FITC-BSA and chitosan as well as the high degree of compactness of the nanoparticles which requires more time for swelling of the polymer matrix (26) . The uptake of FITC-BSA-SNVs by BBMECs, determined by flow cytometry, was significantly higher than that of the FITC-BSA-CNVs. In addition, the studies conducted to evaluate the permeability of various Y-Z X-Z X-Y Fig. 7 . Localization of SNVs labeled with Alexa Fluor 647 (AF647-SNV) in bovine brain microvascular endothelial cell (BBMEC) monolayer. Images were taken as z-stack using a 40× objective coupled with 3× digital zoom. A Z-stack presented in x-y plane clearly demonstrates cellular uptake of AF647-SNVs. Projection in both the x-z and y-z orthogonal planes confirms the transcytosis of AF647-SNVs across the BBMEC monolayer. nano-vehicles across the BBB model in vitro, clearly demonstrated the uptake and transcytosis of SNVs but not CNVs or CPCs. These results confirmed the in vivo observations that pF(ab') 2 4.1 greatly enhances the transcytosis of SNVs across the BBB.
CONCLUSION
Our studies demonstrated that the formulation of chitosan nanoparticles into SNVs increased their uptake at the BBB. Upon IV bolus injection in WT mouse, the SNVs accumulated in various brain regions to a significantly greater extent than the CNVs. In vitro uptake of FITC-BSA-SNVs by BBMECs was higher than the FITC-BSA entrapped CNVs. In addition, permeability studies conducted on the polarized BBMEC monolayer demonstrated the transcytosis of SNVs, but not CNVs. Together, these studies indicate that pF (ab') 2 4.1 is responsible for enhancing the uptake and transcytosis of SNVs at the BBB endothelial cells. The knowledge gained from this study will be useful in the development of chitosan nanoparticles capable of delivering diagnostic or therapeutic agents across the BBB to target amyloid deposits in the cerebral vasculature of AD transgenic mice. 
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